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Executive Summary

The U.S. Department of Energy (DOE) has designated the National Renewable Energy
Laboratory (NREL) as the “field manager” for implementing certain portions of the Alternative
Motor Fuels Act of 1988.  Section 400BB of the Act makes a commitment to develop and
evaluate alternative fuels in heavy-duty vehicles.

By the early 1990s the passenger car, light-duty truck, and transit bus segments of the
automotive industry had all accumulated some experience with natural gas, but there was very
little experience with natural gas in heavy-duty (line-haul) automotive applications.  In 1994,
NREL contracted with the Trucking Research Institute (TRI) to obtain a cooperative agreement
with Liquid Carbonic.  The purpose of this agreement was to (1) purchase and operate liquid
natural gas- (LNG-) powered heavy-duty tractor-trailers with prototype Detroit Diesel
Corporation (DDC) Series 60 natural gas (S60G) engines in over-the-road commercial service
applications; and (2) collect and provide operational data to DDC to facilitate the on-road
prototype development of the engine and to NREL for the Alternative Fuels Data Center.

The vehicles operated from August 1994 through April of 1997 and led to a commercially
available, emissions-certified S60G in 1998.  This report briefly documents the engine
development, the operational characteristics of LNG, and the lessons learned during the project.
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Background

In early 1992, one of the largest transit bus operations in the country, the Metropolitan Transit
Authority of Harris County, Texas, (Houston Metro), decided to convert its entire fleet of transit
buses to natural gas.  This was years ahead of a Texas law (Appendix A) that requires a phased-
in conversion to alternative fuels by metropolitan transit authorities.  This law limited alternative
fuel choices to natural gas, propane, or electricity.  With the selection of LNG in April 1992,
Houston Metro awarded Liquid Carbonic a 7-year fuel supply contract.  To produce and
distribute the LNG required for the Houston Metro buses and the Greater Austin Bus Company,
which also opted to convert to LNG, Liquid Carbonic began to purchase large sources of natural
gas and to construct a new facility in Willis, Texas.  During construction of the Willis plant,
Liquid Carbonic supplied LNG to its growing list of customers from a plant in Geismar,
Louisiana.  The Willis plant was designed to produce approximately 100,000 gallons per day
when it was completed in 1994.

With the plant’s completion, Liquid Carbonic took the lead in U.S. LNG production.  Because
the Willis facility was built to supply and sell LNG exclusively for transit bus fleets and heavy-
duty trucks, Liquid Carbonic decided it should use LNG-powered trucks for the distribution
fleet.  Four Freightliner LNG-fueled tractors, with DDC S60G engines, were leased from Ruan
Transportation Management Systems (RTMS).  Three were operated in the distribution fleet and
the fourth was used for demonstration and show purposes.

Experience with LNG-fueled engines was limited at that time and did not include heavy-duty
truck fleet operations.  These were some of the first tractors powered by the prototype DDC
S60G engine.  The design of the engine/chassis combination was based on “best practices”
engineering there were no industry standards or regulations at the time.  The vehicle’s costs
were substantially higher than those of their diesel counterpart, (which was reflected in the lease
cost), but Liquid Carbonic’s commitment to leasing the LNG tractors was unwavering.  The goal
for this vehicle fleet to set an example for the industry.

Equipment
Engines

Many of the 12.7L, 6-cylinder, DDC S60G engine components are common with the Series 60
diesel (S60) version.  The engine block, cylinder liners, pistons, and cooling and lubricating
systems are identical.   They also share the features of a waste-gated turbo-charger, air-to-air
aftercooling, lean-burn combustion, and a DDC electronic engine control module (DDEC).  The
S60G crankshaft, camshaft, connecting rods, and exhaust system are modified variations from
the S60.

The big differences between the S60G and the S60 are the compression ratio (c/r) and the fuel
delivery and ignition systems.  The S60G has a 10:1 c/r, single point (prior to the throttle plate)
fuel injection, and spark ignition of the air/fuel mixture.  The S60 has a 15:1 c/r, multipoint
(directly into the cylinder) fuel injection and ignites the air/fuel mixture by the heat of
compression.  The S60G engine has a rating of 370 hp at 1800 rpm and the S60 engines are sold
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in ratings of 350 hp and 370 hp at 1800 rpm and 400 hp at 2000 rpm.  For a complete list of
S60G engine specifications and development work please refer to the DDC report in
Appendix B.

The previous section compared the S60G with the S60 diesel from which it was derived;
however, the diesel control vehicle in this project was not powered with a S60 diesel engine.
Instead, the diesel control vehicle was powered with a 1984 Cummins NTC 350.  It is
acknowledged and accepted that comparisons between the LNG trucks and the diesel control are
more anecdotal than scientific.

Tractors

The LNG-powered tractors and the diesel control tractor are described in Table 1.

Table 1.  Description of LNG and Diesel Tractors

Diesel LNG
Chassis 1984 Kenworth W900V 1995 Freightliner FLD 120
Engine 1984 Cummins NTC 350

(350 hp)
Prototype DDC S60G
(370 hp)

Transmission Eaton 9-speed manual Rockwell 10-speed manual
Rear end 4.33:1 ratio 3.21:1 ratio
Tire size 11 x 24.5 275/80 R22.5
Wheel base 220 in. 230 in.
Front axle rating 12,000 lb 12,000 lb
Rear axle rating 38,000 lb 38,000 lb
Fuel tanks 120 gal each (x2) 119 gal each (x2)

Natural Gas

Background

Although emissions were not measured in this project, natural gas can provide significant
reductions in regulated emissions, especially oxides of nitrogen (NOx) and particulate matter
(PM)1. This makes LNG particularly attractive for urban routes, where NOx and PM emissions
are a major concern and fuel can be dispensed from a central fuel storage system.  Natural gas is
also one of the most abundant fuel sources in the United States, so its use in transportation is
strategically sound.

LNG is a cryogenic liquid.  At atmospheric pressure, it boils at approximately -2600F and
vaporizes rapidly.  The gas is lighter than air and will rise from a spill or venting tank.  Unless
LNG is escaping in large quantities, it does not pool in a liquid form.  LNG is a very dense form

                                                
1 SAE paper #981393, “Emissions from Trucks and Buses Powered by Cummins L-10 Natural Gas Engines,” in
State of Alternative Fuel Technologies, 1998, SAE order #SP-1365; SAE paper #973202, “Hybrid Electric Transit
Bus,” Viterna, Larry A., November 1997; Alternative Fuel Transit Buses:  Final Results from the National
Renewable Energy Laboratory Vehicle Evaluation Program, NREL/TP-425-20513, October 1996, Golden, CO:
NREL.
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of natural gas it allows more fuel to be stored on board, which increases vehicle range over
compressed natural gas. Appendix C covers the properties of LNG and compares diesel and
gasoline.

Tank Design

On-board fuel storage is considerably different between diesel and LNG.  Standard diesel tanks
are single-wall aluminum containers and cost in the hundreds of dollars, depending on size.
Tanks for cryogenic LNG require double-wall construction from stainless steel with super
insulation and vacuum inter-tank space.  Typical tank pressures are between 20 to 150 psig, but
the design must withstand more than two times that amount to  compensate for heat gain when
not in use.  LNG fuel storage systems are significantly more complicated to design and
manufacture and their cost is an order of magnitude greater than that of a diesel tank.

The weight of LNG is approximately 3.5 lb/gal, compared to diesel at 7.6lb/gal.  Unfortunately,
the more complex LNG fuel tank is substantially heavier.  In total, given the difference in tank
design and fuel density, LNG-powered tractors have suffered a weight penalty.

Engine Technology

Current dedicated natural gas engine technology, which includes the DDC S60G, uses a throttle,
a low compression ratio, and spark ignition.  Inherent to this engine strategy is a thermal
efficiency penalty of 15% or more versus a diesel-cycle engine.  By comparison, the diesel
engine does not use a throttle, has a high compression ratio and is ignited by heat of
compression.  The National Renewable Energy Laboratory (NREL), with the support of the U.S.
Department of Energy (DOE), is sponsoring research that will potentially lead to natural gas
engines with efficiencies similar to diesel engines. However, these new engine designs may take
many years to perfect and commercialize.

LNG Weathering

One effect of LNG’s cryogenic properties is unique, and important to understand, especially
when LNG is to be used as a vehicle fuel.  This effect, called “weathering” or “enrichment,” is a
phenomenon that arises from the fact that natural gas is a chemical mixture.  LNG produced
from pipeline gas has varying percentages of methane and other hydrocarbons.  The methane
content can vary from 92%−99%.  The other hydrocarbons found in natural gas are ethane
(1%−6%), propane (1%−4%), butane (0%−2%), and other compounds.  Each chemical element
or compound in the liquid vaporizes at its own unique boiling point.  Consequently, over time,
concentrations of the heavier hydrocarbons (such as ethane, propane, and butane) increase.
Higher concentrations of these hydrocarbons will cause premature ignition and “knock.”
Because uncontrolled knock causes engine damage,  LNG must be used before it becomes
weathered.  Recognizing this potential difficulty, Liquid Carbonic set out to manufacture 99.4%
pure methane LNG.  With this high percentage of methane, LNG weathering cannot create
harmful fuel mixtures because the potentially harmful constituents are largely absent.
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Economics of LNG

The most obvious economic comparison to make is fuel cost, because fuel is the second largest
operational cost after labor.  However, comparing the cost of LNG to that of diesel is not as
straightforward as it might seem because: (1) distribution costs for LNG are not included in the
fuel price as they are for diesel; (2) state tax rates are generally different for each fuel and vary
from state to state; (3) federal tax rates are different for each fuel; and (4) fuel energy content is
different for each fuel. Table 2 shows the national cost averages obtained by TRI from the
Congressional Research Service and the Natural Gas Vehicle Coalition.  The energy content is
provided and was used to calculate the equivalent fuel cost in dollars per diesel equivalent gallon
(DEG).  A DEG is the quantity of fuel that has the same energy content as a gallon of diesel fuel
(please see Appendix C for fuel specification).

Liquid Carbonic’s LNG fuel cost was a little more competitive because they did not incur any
distribution costs; the tractors were fueled on site.  LNG fuel costs will vary dramatically by
geographic region based on the distribution costs and state taxes.

It should also be mentioned that LNG costs have decreased since the project ended because of
the Taxpayer Relief Act of 1997.  This act, which allows transportation fuels to be taxed based
on their energy content, changed the federal tax rate on LNG from $0.189 per gallon $0.119 per
gallon.

Table 2.  National Average LNG and Diesel Fuel Cost

Energy Fuel Dist. State Federal Total Fuel Equivalent
Fuel Content Cost Cost Tax Tax Cost Fuel Cost
Type (Btu/gal) ($/gal) ($/gal) ($/gal) ($/gal) ($/gal) ($/DEG)
Diesel 128,500 0.65 - 0.24 0.21 1.10 1.10

LNG 76,000 0.35 0.10 0.18 0.25 0.88 1.49

Following labor and fuel cost, capital investment is the next most important consideration to a
fleet’s profitability.  At the time of this project, some of the natural gas engine assembly was
done off-line.  The low volume of natural gas engines did not justify the coordination,
scheduling, and tooling changes required to completely manufacture the engines on the
production assembly line.  Rather, manufacturers partially assembled natural gas engines on the
regular production line and completed them off-line.  This off-line manufacturing process
imposes a significant cost premium in the price of each engine.  In the case of Liquid Carbonic,
the total differential cost of the lease (broken down in Table 3) was $570 per week over a
comparable diesel.

Today, however, the demand for natural gas engines is higher.  Thus it is more common for
engine manufacturers to assemble them on the production line, which has reduced the differential
costs between diesel and natural gas engines.
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Table 3. Truck Capital and Leasing Costs

Item Original Value ($) Fixed/Week ($)
Base vehicle 72,235 430
LNG Power Modification
(provided by Detroit Diesel)
Labor for installation 28,785
Engine 29,597
Fuel System/Tanks 11,607
Installation materials
(custom hoses, fittings, etc.)

4,949

Federal excise tax 9,314
Subtotal added costs 84,252 570
Total 156,487 1,000

Driving Routes

The trucks were regularly driven on two different routes.  Liquid Carbonic attempted to rotate
the vehicles, but the mileage accumulation at the end of the project was significantly different.
The accumulated mileage totals are shown in Table 4, along with service dates.

Route 1 is a distance of 60 miles from the plant in Willis to the Houston Metro facility in
Houston, Texas.  The truck running this route averaged 480 miles per week.  This route consisted
of about 80% highway miles and 20% city miles.  Route 2 ran once per week from Willis to
Austin, Texas, a distance of 370 miles (round trip) consisting of about 60% highway and 40%
city driving.

Table 4.  Vehicle Service and Mileage Accumulation

Begin End Cumulative
Vehicle Service Service Vehicle
Number Date Date Miles
LNG1 7/20/94 4/28/97 18,664
LNG2 7/28/94 5/1/97 58,056
LNG5 4/1/95 4/28/97 9,220
DSL4 8/31/94 4/29/97 99,684

Fuel Economy

The LNG trucks averaged about 2.8 miles per gallon of LNG, equating to about 4.7 miles per
DEG.  Table 5 compares the energy content, fuel economy and DEG fuel economy.
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Table 5.  Energy Content and Fuel Economy

Energy Fuel Diesel Equivalent
Vehicle Content Economy Fuel Economy
Number (Btu/gal) (mi./gal.) (mi./DEG)
LNG1 76,000 2.6 4.3
LNG2 76,000 3.0 5.1
LNG5 76,000 2.9 4.9
DSL4 128,500 4.5 4.5

LNG Truck Downtime

The LNG units were operated under a full-maintenance lease with RTMS; however, the S60G
engine and fuel system repairs were handled under a separate servicing agreement.  Stewart and
Stevenson (S&S), the local DDC distributor, performed all engine and fuel system repairs.
Although this arrangement was necessary because of the developmental nature of the engines, it
sometimes added to the vehicle downtime.  Vehicle downtime is summarized in Appendix D.

The primary issues were power output and idle problems.  Both of these problems stemmed from
the throttle system.  This system consisted of a Deltec  throttle body, a Woodward  actuator, a
Woodward  controller (EPG), and the DDC engine controller (DDEC).  The S60G throttle
operation starts with an electronic signal from DDEC to EPG which, in turn, signals the actuator
to adjust the throttle plate position.  This system proved difficult to adjust throughout the project
and varied among trucks.  Further development by DDC is expected to solve the throttle system
issues.

Another developmental problem identified was the engine head.  Because of the characteristics
of spark-ignited engines and natural gas, engine head temperatures exceeded the original design
limits.  Larger cooling passages were needed to ensure proper operation.  S&S was able to
modify the production engine head, but this represented a significant portion of the downtime.
The revised engine head provided the proper engine operating temperatures and have
satisfactorily resolved the problem.

Aside from the aforementioned mechanical and electronic control problems, no LNG- specific
components proved more repair-intensive or required more frequent replacement than their
diesel counterparts.

Conclusions and Lessons Learned

This was a cooperative on-road development project (see Appendix B for complete development
report) that led to a production, heavy-duty, natural gas engine by Detroit Diesel Corporation.  At
the same time, this project demonstrated that LNG can be a viable fuel for heavy-duty trucks and
that it offers great promise as a clean, domestically produced alternative to diesel fuel.  The
combination of fuel capacity and mileage achieved in this project gave the LNG-powered tractor
around 62% of the diesel unit range.  The LNG fuel can significantly reduce regulated emissions,
especially oxides of nitrogen (NOx) and particulate matter (PM).  This makes LNG particularly
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attractive for urban routes, because NOx and PM emissions are a major concern in urban areas. In
addition, fuel can often be dispensed from a central fuel storage system in urban applications.

Although LNG fuel cost and availability were acceptable in this project, this was a unique
situation; a “showcase” fleet for Liquid Carbonic that incurred no distribution costs. Because of
the characteristics of LNG and the limited number of liquefaction plants, LNG distribution will
not be feasible in some regions.  Fuel costs for LNG and diesel will vary by geographic region,
so fuel costs must be assessed on a regional basis.  LNG did, however, get a tax break from the
Taxpayer Relief Act of 1997, which made the federal tax on LNG $0.119 per gallon.  Prior to
1997, LNG’s tax was $0.189 per gallon, and diesel fuel is currently taxed at $0.243.

Clearly a significant portion of the cost differential is a function of the lower volume of natural
gas engines, on-board fuel tanks, fuel delivery systems, and natural-gas-specific components
relative to the number of diesel engines and components produced.  These costs have been and
are currently defrayed by tax incentives and/or grants but these vary by region and must be
considered on a case by case basis.

Liquid Carbonic had an advantage over most fleets that might experiment with LNG because, as
a world-wide supplier of cryogenic liquids, it was already familiar with LNG.  However, as a
vehicle operator, Liquid Carbonic was typical of most fleets that lease because they are
accustomed to someone else keeping the trucks maintained.  Despite the best intentions of
RTMS and Detroit Diesel in agreeing to service them through S&S, the third-party service
arrangements were a source of frustration and increased vehicle downtime for Liquid Carbonic.
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Appendix A:

Texas Alternative Fuel Implementation Plan

The following implementation plan was mandated by 1989 legislation:

After September 1, 1991 affected parties—state agencies with more than 15 vehicles,
school districts with more than 50 buses, private fleets with more than 25 vehicles, and
all metropolitan transit authorities—could not purchase or lease any vehicle not able to
operate on an alternative fuel.

Alternative fuels were defined as natural gas, propane and electricity.

30% of the fleet had to be converted by September 1, 1994; 50% by September 1, 1996; and
90% by September 1, 1998.

In 1992, Houston Metro had 1,200 transit vehicles and 300 support vehicles.
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Appendix B:

Development and Demonstration of the Detroit
Diesel Corporation Series 60 Natural Gas Engine:

Part I—Engine Development
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Appendix C:

Fuel Property Comparison—LNG, Diesel, and Gasoline

The table below compares the physical properties of LNG, diesel, and gasoline.  Various values
are given for the same parameters to illustrate that nearly all these parameters vary with changes
in the chemical content of LNG.  Properties of gasoline and diesel also vary with composition.

Property LNG Diesel Gasoline
Specific gravity
(vapor) 0.6 4−6 2−4
Specific gravity
(liquid) 0.42 0.85 0.74
Density, lb/gal,
Acurex1

MVE2
3.4
3.5

7.0
7.3

6.2
6.2

Energy content,
Btu/lb, Acurex 21,5003 18,300 18,900
Btu/gal, Acurex
Bechtold4

73,000
76,000

128,100
126,000−131,000

117,200
109,000−119,000

Relative fuel
volume (DEG),
Acurex 1.7 1.0 1.1
Flammability
limits, %
MVE
Bechtold

5−15
5−15

0.5−4.1
1−6

1.0−7.6
1.4−7.6

Auto ignition
temperature, °F
MVE
Bechtold

1,000−2,000
1,004

500
600

442-880
495

Stoichiometric air-
fuel, Bechtold 17.2 14.7 14.7
 
1.  LNG Vehicle Technology, Economics and Safety Assessment, Acurex Environmental Corporation, February 1994.
2.  "Liquid Natural Gas Fuel Systems," Minnesota Valley Engineering (MVE) pamphlet.
3.  Value at 20 psig and –238ºF.
4.  Bechtold, R.L., Alternative Fuels Guidebook, Society of Automotive Engineers, Warrendale, PA, 1997.

The above references use other primary references as sources for the values listed here.
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Appendix D:

LNG Tractor Downtime Log

Unit Date In Complete Comments Downtime

LNG5 05-18-95 05-19-95 Low power 1 day
LNG5 08-07-95 08-12-97 Low power 5 days
LNG5 11-14-95 11-21-95 Update head problems 7 days
LNG5 02-20-96 02-27-96 Check engine 7 days
LNG5 03-04-96 03-14-96 Running rough 10 days
LNG5 09-27-96 09-30-96 Loss of power 3 days
LNG5 01-05-97 01-13-97 Loss of power 7 days
LNG5 02-26-97 03-14-97 No power 16 days

LNG1 03-24-95 04-06-95 Low power 13 days
LNG1 08-29-95 08-30-95 Cruise control 1 day
LNG1 10-06-95 10-17-95 Throttle idle 11 days
LNG1 11-21-95 11-29-95 Update head problem 7 days
LNG1 12-28-95 01-05-96 Pressure, bad sensor, rough

engine
8 days

LNG1 01-29-96 01-30-96 Hose 1 day
LNG1 04-15-96 04-18-96 Backfiring 3 days
LNG1 02-21-97 02-25-97 No power 4 days
LNG1 03-20-97 03-21-97 No power 1 day
LNG1 05-13-97 05-14-97 Campaign 1 day

LNG2 09-28-95 10-07-95 Won’t idle 9 days
LNG2 11-21-95 12-01-95 Update head 10 days
LNG2 02-05-96 02-09-96 Fuel leak 4 days
LNG2 03-04-96 03-08-96 Won’t crank 4 days
LNG2 03-15-96 03-19-96 Low power 4 days
LNG2 06-09-96 06-10-96 Engine missing and surging 1 day
LNG2 08-23-96 08-26-96 Engine missing 3 days
LNG2 12-05-96 12-06-96 Broken air hose and manifold
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